Introduction
Faithful chromosome segregation is critical for the transmission of the genetic information in all organisms. In proliferating cells, the replicated chromosome copies (sister chromatids) are cohered by cohesin complexes during S phase, and this cohesion is maintained until metaphase. In mitosis, the cohesion is essential to establishing chromosome bi-orientation, in which sister kinetochores are captured by spindle microtubules from opposite poles. Upon entry to anaphase, separase cleaves cohesin along the whole chromosome length, allowing the segregation of sister chromatids into the two daughter cells (Uhlmann et al. 1999; Onn et al. 2008; Peters et al. 2008; Nasmyth & Haering 2009 ). During meiosis, however, one round of DNA replication is followed by two consecutive nuclear divisions, resulting in the production of four haploid nuclei or gametes. During meiosis I, sister chromatids are captured from the same pole (mono-orientation), whereas homologous chromosomes (homologues) connected by chiasmata are captured by spindle microtubules emanating from the opposite poles. At the onset of anaphase I, cohesin Rec8 is cleaved by separase along the arm regions, but protected at centromeres until metaphase II (Buonomo et al. 2000; Kitajima et al. 2003; Tachibana-Konwalski et al. 2010) . Thus, mono-orientation and the protection of centromeric cohesion are two hallmarks of the regulation of meiotic chromosome segregation Petronczki et al. 2003; Brar & Amon 2008; Watanabe 2012; Duro & Marston 2015) . Accumulating evidences suggest that the distantly related meiosis-specific kinetochore regulator, meikin (MEIKIN in vertebrates; Moa1 in fission yeast; Spo13 in budding yeast), and its associated polo-like kinase play a crucial role in promoting both mono-orientation and cohesion protection (Katis et al. 2004 (Katis et al. , 2010 Lee et al. 2004; Yokobayashi & Watanabe 2005; Kim et al. 2015) . Moa1 and MEIKIN are shown to associate with the conserved kinetochore protein CENP-C and to localize at the kinetochores only during meiosis I (Tanaka et al. 2009; Kim et al. 2015) .
Analyses in several eukaryotic organisms indicate that meiotic cohesin protection at centromeres is mediated by the centromeric protein shugoshin (Sgo1 in fission yeast). Shugoshin forms a complex with protein phosphatase 2A (PP2A) at the centromeres (Kitajima et al. 2004 (Kitajima et al. , 2006 Marston et al. 2004; Riedel et al. 2006; Lee et al. 2008; Llano et al. 2008) , and antagonizes Rec8 phosphorylation, a prerequisite for cleavage by separase in meiosis I Katis et al. 2010) . The mitotic kinase Bub1 phosphorylates histone H2A-S121, and Sgo1 binds nucleosomes including phosphorylated H2A-S121 (Kawashima et al. 2010) . Sgo1 localization at the centromeres is also promoted by heterochromatin protein Swi6 (HP1), which binds directly to Sgo1 (Yamagishi et al. 2008) . In mitosis, Bub1 as a complex with Bub3 localizes to kinetochores through its interaction with Spc7 (KNL1) only when Spc7 is phosphorylated by Mph1 (MPS1). Mph1 is a conserved protein kinase required for the spindle assembly checkpoint (SAC) locating at unattached or misaligned kinetochores (London & Biggins 2014; Musacchio 2015; Sacristan & Kops 2015) . Therefore, Bub1 is largely released from kinetochores when chromosomes are aligned during metaphase in mitotic cells. Recent reports show that KNL1 is also phosphorylated by PLK1 in humans and Caenorhabditis elegans (Espeut et al. 2015; von Schubert et al. 2015) , suggesting the existence of a versatile regulation of Bub1 localization.
We show that the localization of Bub1 at kinetochores persists beyond metaphase until early anaphase during meiosis I. This unique localization of Bub1 relies on the meiotic kinetochore protein Moa1 (meikin) and its associated kinase Plo1, which phosphorylates Spc7 in a redundant capacity with Mph1. Thus, Moa1-Plo1 plays a crucial role in setting up the persistent residence of Bub1 at kinetochores. This process acts redundantly with heterochromatin Swi6 to localize Sgo1 to the centromere and protect cohesion throughout meiosis I. Further analyses in mouse suggest that meikin-dependent Bub1-shugoshin retention mechanism is conserved in mammals. Our results thus show a key mechanism in the assembly of meiosisspecific centromere functions in eukaryotes.
Results

Fission yeast meikin affects cohesion protection
Although fission yeast Moa1 was identified as a monoorientation factor, a role in cohesion protection was also implicated (Yokobayashi & Watanabe 2005) . To delineate the function of Moa1 in cohesion protection at meiosis I, we re-examined cohesion defects in cells arrested in prophase II, the stage at which centromeric cohesion is usually preserved. We monitored GFP fluorescence associated with the lacO array (imr1-GFP) (Sakuno et al. 2009 ), which was inserted within centromere 1 of one homologue (Fig. 1A) . In moa1Δ cells, although a small population of cells underwent equational segregation at meiosis I (because of defects in mono-orientation), the majority underwent reductional segregation due to the presence of chiasmata and tension exerted across homologues (Fig. 1B) . Strikingly, 22% of these 'reductional' moa1Δ cells showed the separation of imr1-GFP in prometaphase II (Fig. 1C) . This separation value is significantly higher than in wild-type cells (<5%), although lower than in sgo1Δ cells (50%), in which cohesion protection is completely abolished (Fig. 1C) . These results suggest that moa1Δ cells show partial defects in cohesion protection during reductional division at meiosis I. We confirmed that the protection defects in sgo1Δ and moa1Δ cells correlate with the reduction in centromeric Rec8 at prometaphase II ( Fig. S1 in Supporting Information).
We previously showed that Moa1 associates with Plo1 and that centromeric Plo1 is required for reductional segregation at meiosis I (Kim et al. 2015) . Here, we examined whether Plo1 is responsible for defects in cohesion protection at prometaphase II, as is observed in moa1Δ cells. For this purpose, we first analyzed the moa1-T101A mutant, in which Moa1 localizes at kinetochores but fails to recruit Plo1 (Kim et al. 2015) . Indeed, the separation of imr1-GFP in prometaphase II was observed in moa1-T101A cells to the same extent as in moa1Δ cells (Fig. 1D) . To validate the importance of Plo1 at the kinetochore, we engineered tobacco etch virus (TEV) protease recognition sites in the endogenous plo1 + gene (plo1-tev), and expressed the Cnp3C-TEV fusion protein, which targets kinetochores through the carboxyl-terminal sequence of Cnp3/CENP-C (Cnp3C) (Kim et al. 2015) . Indeed, when we expressed Cnp3C-TEV in plo1-tev cells, the separation of imr1-GFP in prometaphase II was observed to the same extent as in moa1Δ cells (Fig. 1E ).
In the converse experiment, the Cnp3C-Plo1 fusion protein was expressed in moa1Δ cells. The separation of imr1-GFP in prometaphase II in moa1Δ cells was partly suppressed by expressing Cnp3C-Plo1, but not its , n > 110 (E), n > 200 (F). n.s., not significant; *P < 0.05, ***P < 0.005, one-way ANOVA with Bonferroni's multiple comparisons test.
Genes to Cells (2017) 22, 552-567 kinase dead version Cnp3C-Plo1KR (Fig. 1F) . We conclude that Plo1 recruited to kinetochores by Moa1 is responsible for the protection of centromeric cohesion during anaphase I.
Moa1-Plo1 regulates meiotic Bub1 localization
Because the protection of centromeric cohesion depends largely on Bub1 kinase activity (Fig. 1B ,C, bub1-KD; kinase dead) (Bernard et al. 2001; Kawashima et al. 2010) , we explored the possibility that Bub1 localization might be impaired in moa1Δ cells. Endogenous Bub1 tagged with GFP was monitored by live-cell imaging using cells undergoing mitosis and meiosis. In both mitosis and meiosis, the elongation of the spindle occurs in three distinct steps: a short spindle elongates (prometaphase), stays at a constant length (metaphase) and then elongates further (anaphase) ( Fig. 2A) . In mitosis, Bub1 is enriched at kinetochores only when Mph1 (MPS1 homologue) accumulates at unattached kinetochores and phosphorylates the MELT repeats of the kinetochore protein Spc7 (KNL1) (Yamagishi et al. 2012) (Fig. 2A) . However, Bub1 disappears quickly during metaphase, most likely because all chromosomes are aligned and the SAC is satisfied ( Fig. 2A) . Curiously, however, meiotic Bub1 signals were retained at kinetochores throughout metaphase I until anaphase I in wild-type cells (Fig. 2B) , and the signals persisted even in mph1Δ cells (Fig. 2B) . Instead, centromeric Bub1 signals declined around late metaphase I in moa1Δ cells and largely disappeared in mph1Δ moa1Δ cells (Fig. 2B,C) . We confirmed that the inactivation of centromeric Plo1 by TEV-protease causes a significant reduction in Bub1 signals at kinetochores in metaphase I ( Fig. S2A in Supporting Information). These results suggest that Moa1-associated Plo1 plays a key role in the accumulation of Bub1 at kinetochores in a redundant capacity with Mph1. We assume that the contribution of Moa1-Plo1 is important especially during metaphase I and anaphase I because Mph1 transiently appears at kinetochores only in the early stage of meiosis I ( Fig. S3 in Supporting Information). Considering that the full amount of Bub1 is sustained even in the absence of Mph1 (Fig. 2C ), we reason that Moa1-Plo1 plays a predominant role in the enrichment of Bub1 in normal meiosis.
Moa1-Plo1 and Mph1 redundantly regulate the SAC at meiosis I
The time-lapse live-cell imaging of Bub1-GFP showed that the duration of metaphase I was shortened in moa1Δ mph1Δ cells (Fig. 2B ), suggesting that Moa1-Plo1, like Mph1, has a function in the SAC. To clarify this point, we measured the duration of the time from prometaphase I to anaphase I by monitoring separation of the SPBs (centrosomes of yeast; start of spindle formation) and degradation of securin Cut2 (onset of anaphase I) ( Fig. S4 in Supporting Information). Compared to wild-type cells, the duration of meiosis I was shorter in mph1Δ cells and shorter even further in moa1Δ mph1Δ cells, reaching the same duration as in mad2Δ cells ( Fig. S4 in Supporting Information). Thus, Plo1 may regulate the SAC as well as Bub1 localization during meiosis I, in a redundant capacity with Mph1. Notably, moa1Δ cells showed a slight delay in the transition from metaphase I to anaphase I, probably due to defects in the mono-orientation of sister kinetochores, which may produce an unstable attachment of bivalents. This defect is reminiscent of MeikinÀ/À mice (Kim et al. 2015) .
Considering the recent finding that PLK1 and MPS1 share similar phosphorylation consensus sites in humans and C. elegans (Espeut et al. 2015; von Schubert et al. 2015) , we thought it possible that the Moa1-dependent enrichment of Plo1 might be responsible for the phosphorylation of MELT repeats in Spc7 and thus for Bub1 enrichment in meiosis I.
To investigate this possibility, we examined the phosphorylation of Spc7 in vitro. Indeed, bacterially purified Plo1, like Mph1, phosphorylated the N-terminal domain of Spc7 (Spc7-N), which contains MELT repeats, but not other domains that lack MELT repeats ( Fig. 3A ,B). Immunoblot using antibodies against a phospho-peptide of the MELT repeats (either pT77 or pT257) showed that Plo1, similar to Mph1, indeed phosphorylates these sites (Fig. 3C ).
To examine this phosphorylation in vivo, we synchronized meiotic cells at metaphase I and prepared Spc7 proteins from cell extracts by immunoprecipitation (Fig. 3D) . Immunoblot using the phospho-specific antibody showed that pT257 in Spc7 is indeed phosphorylated in vivo and this phosphorylation is largely dependent on Moa1-Plo1 but less on Mph1 (Fig. 3D ). The apparently smaller contribution of Mph1 might be explained by the fact that the cells were arrested at metaphase I rather than prometaphase I. Furthermore, we showed that the phosphorylation of Spc7-N by Plo1 enhances the formation of the complex between Spc7-N and Bub1-Bub3 . The onset of spindle elongation is set as 0 min. All Bub1-GFP signals were normalized to the average signal in WT at time 0 in each experiment. Error bars, SD from three independent experiments. Total cells: WT; n = 37, mph1Δ; n = 47, moa1Δ; n = 40, mph1Δ moa1Δ; n = 37 and spc7-12A; n = 26 cells.
Genes to Cells (2017) 22, 552-567 in vitro, as was seen for Mph1-dependent phosphorylation (Fig. 3E) . Consistent with these results, centromeric Bub1 signals are largely dispersed in spc7-12A cells as is seen in mph1Δ moa1Δ cells during meiosis I (Fig. 2B ).
To examine whether Plo1 tethering can itself induce Bub1 localization at kinetochores, we expressed centromere-tethering Plo1 (Cnp3C-Plo1) in mitotic cell in which Bub1 is usually detected at kinetochores only in early mitosis. Strikingly, the expression of Cnp3C-Plo1 enforced Bub1 localization at kinetochores even in interphase, and this was also the case in mph1Δ cells (Fig. S2B in Supporting Information). Moreover, this constitutive Bub1 localization depends on Plo1 kinase activity and Spc7 MELT repeats (Fig. S2B in Supporting Information). These results strongly support the notion that meiosis-specific Bub1 recruitment to kinetochores relies on the phosphorylation of the MELT repeats on Spc7, a process mediated by Moa1-Plo1. Immunoprecipitates (IP) and whole cell extract (WCE) were subjected to SDS-PAGE and analyzed by immunoblot. Band intensity of anti-Spc7 pT257 was normalized to anti-HA blotting, and the values were normalized to wt ratio in each experiment (lower). Error bars, SD from three independent experiments. n.s., not significant; *P < 0.05, **P < 0.01, one-way ANOVA with Bonferroni's multiple comparisons test to WT. (E) Purified recombinant proteins (GST-Spc7-N WT, 12A or 12E) were phosphorylated by GST-Plo1 or GST-Mph1ΔN with or without ATP, and then further incubated with cell extracts from fission yeast expressing Bub1-GFP and Bub3-GFP under the endogenous promoter. After pull-down of GST-Spc7-N WT, 12A or 12E with glutathione beads, the co-precipitated Bub1-GFP and Bub3-GFP were analyzed by immunoblot using anti-GFP antibody. CBB represents the amount of pulled-down protein.
Sgo1 localization is regulated by Moa1-Plo1 and Mph1
Because Bub1 is required for Sgo1 localization, we examined the localization of endogenous Sgo1 tagged with GFP by live-cell imaging during meiosis I. In wild-type cells, Sgo1 signals peaked at kinetochores in prometaphase I, persisted through metaphase I, and declined from late metaphase I to anaphase I (Fig. 4A) , although centromeric Bub1 signals persisted until anaphase I (Fig. 2B ). This observation is consistent with the notion that Sgo1 but not Bub1 is the target of the APC/C-mediated degradation at the onset of anaphase I (Kitajima et al. 2004) . Consistent with the dispersion of Bub1 from kinetochores in mph1Δ moa1Δ and spc7-12A cells, centromeric Sgo1 signals declined to~30% in these mutants at meiosis I.
Although mph1Δ cells showed no defects in cohesion protection, mph1Δ enhanced protection defects in moa1Δ (Fig. 5A) . Thus, Mph1 and Moa1 might share the same function in protecting cohesion (Fig. 5A) . Considering that the reduction in Bub1 might be the reason for the protection defects, we sought to restore Bub1 enrichment to kinetochores in mph1Δ moa1Δ cells by using the spc7-12E mutant (MELT repeats are mutated to phosphomimetic glutamic acid residues), which allows the constitutive localization of Bub1 to kinetochores (Yamagishi et al. 2012) . Indeed, spc7-12E restored the centromeric localization of Bub1 and Sgo1 in moa1Δ mph1Δ cells (Fig. S5 in Supporting Information) and partly suppressed the protection defects in moa1Δ mph1Δ cells (Fig. 5B) . These results suggest that Bub1 enrichment mediated by Moa1 and Mph1 is important for Sgo1 localization and cohesion protection.
Kinetochore-bound Bub1 and centromeric heterochromatin redundantly sustain Sgo1 localization
To delineate the importance of centromeric Bub1 enrichment for cohesion protection, we examined cohesion defects in cells defective in Bub1 localization (spc7-12A) or in its kinase activity (bub1-KD). Remarkably, despite a~70% reduction in Sgo1 localization, spc7-12A cells showed small defects in cohesion protection (Fig. 5C ), whereas bub1-KD cells largely lost Sgo1 localization as well as cohesion protection ( Figs 1C,4B) . Notably, a previous study has shown that the expression of the Bub1 kinase catalytic domain, which cannot bind kinetochores, allows Sgo1 localization at centromeres depending on the heterochromatin protein Swi6 (Yamagishi et al. 2008) . Therefore, we reasoned that the residual (and functional) Sgo1 localization in spc7-12A cells might be produced by centromeric Swi6 together with dispersed Bub1 kinase activity. Indeed, spc7-12A and swi6Δ showed additive defects in cohesion protection (Fig. 5C ). To validate this result, we analyzed another mutant, sgo1-VE, because Sgo1-VE reduces centromeric localization due to its impaired interaction with Swi6, whereas heterochromatin assembly is preserved intact (Yamagishi et al. 2008) . Indeed, spc7-12A showed synthetic defects with sgo1-VE in cohesion protection (Fig. 5C ). Thus, we conclude that centromeric Bub1 enrichment mediated by Mph1 and Moa1-Plo1 (Spc7 phosphorylation) plays a crucial role in Sgo1 localization and cohesion protection in a redundant capacity with the centromeric heterochromatin (Fig. 5E ).
Moa1-Plo1 may enhance Sgo1 function in addition to its localization
A remarkable observation is that protection defects are prominent in moa1Δ cells but not in spc7-12A cells even though Sgo1 localization is higher in moa1Δ cells (Fig. 5D) . Therefore, in addition to the enhancement in Bub1 localization, Moa1 may play another role in cohesion protection. This role of Moa1 might differ from the heterochromatin pathway, because moa1Δ and sgo1-VE show additive Note that BUB1 signals on unaligned chromosomes are sensitive to Reversine. Right: The signal intensity of BUB1 at the kinetochore was measured and normalized to that of CENP-C. Scatterplots show the results from quantitative IF (n = cell number). 10-15 kinetochores were measured in each cell. Black bars in scatterplots: mean. n.s., not significant. **P < 0.01, ***P < 0.001, ****P < 0.0001, unpaired t-test (A-C). Scale bars, 5 lm. (D) Both MEIKIN-PLK1 and MPS1 accumulate at kinetochores in prometaphase I (prometa I), whereas MEIKIN-PLK1 persists until onset of anaphase I (Ana I). This long-lasting BUB1 at the kinetochores facilitates SGO2 localization throughout meiosis I. Metaphase I (Meta I).
Genes to Cells (2017) 22, 552-567 defects in cohesion protection (Fig. 5D ). Given that moa1Δ shows no additive defects with sgo1Δ, it is reasonable to speculate that Moa1 may somehow enhance Sgo1 function directly in addition to through its localization (Fig. 5E ).
Meikin-PLK1 regulates meiotic BUB1 localization in mouse
Our previous study in mouse showed that the centromeric localization of meiotic shugoshin SGO2 is **** ** *** **** **** (Fig. 6A) . Given the similarity to fission yeast situation, we sought to test whether MEIKIN could regulate the localization of BUB1 in meiotic cells by examining BUB1 localization in mouse spermatocytes. Indeed, BUB1 localization was diminished in metaphase I chromosomes in MeikinÀ/À spermatocytes as compared to those in wild-type spermatocytes (Fig. 6B) . As kinetochore enrichment of PLK1 depends largely on MEIKIN (Kim et al. 2015) , the reduction in PLK1 activity might be reason for BUB1 reduction at kinetochores in MeikinÀ/À mouse. To explore this possibility, we treated wild-type spermatocytes with the PLK1 inhibitor BI-2536 and examined BUB1 localization (Fig. 6C) . In PLK1 inhibited spermatocytes, centromeric BUB1 signals were diminished in metaphase I, whereas no significant effects were seen in diakinesis. We next treated wild-type spermatocytes with the MPS1 inhibitor Reversine and examined BUB1 localization. In spermatocytes treated with Reversine, centromeric BUB1 signals were largely diminished in diakinesis, whereas they were mildly reduced in metaphase I. The simultaneous inhibition of both PLK1 and MPS1 abolished most of the BUB1 signals in diakinesis and metaphase I (Fig. 6C) . Accordingly, in MeikinÀ/À mouse in which PLK1 is absent from kinetochores, BUB1 localized at kinetochores mostly in diakinesis and this localization was abolished only by the inhibition of MPS1 (Fig. S6A in Supporting Information).
Immunostaining of wild-type spermatocytes indicated that MPS1 localizes at kinetochore from diakinesis to prometaphase I, whereas PLK1 persists at kinetochores throughout meiosis I (Fig. S6B in Supporting Information), reminiscent of the situation of fission yeast meiosis I (Fig. 2B and Fig. S3 in Supporting Information). Thus, mouse MPS1 contributes to BUB1 localization more in diakinesis when kinetochores are not yet captured. In contrast, PLK1 activity contributes to BUB1 localization more in metaphase I, when chromosomes are aligned on the metaphase plate and SGO2 must be localized at centromeres (Fig. 6D ).
Discussion
The mono-orientation of sister kinetochores and protection of centromeric cohesion are two hallmarks of the regulation of meiotic chromosome segregation that are widely conserved among eukaryotic organisms. Meikin is a recently emerging protein family, members of which share little amino acid sequence similarity but all regulate both mono-orientation and cohesion protection of meiotic chromosomes. Here, we validate the theory that although fission yeast Moa1 was initially identified as a mono-orientation factor, it regulates cohesion protection similarly to mouse MEIKIN and budding yeast Spo13. Especially, we show that Moa1-Plo1 together with Mph1 play a crucial role in the enrichment of Bub1 at kinetochores throughout meiosis I. This Bub1 pool ensures robust Sgo1 (shugoshin) localization and cohesion protection at centromeres by cooperating with heterochromatin protein Swi6, which binds and stabilizes Sgo1. Recent studies using human cells have shown that PLK1 and MPS1 share similar phosphorylation sites, especially in the regulation of SAC activation in mitosis (von Schubert et al. 2015) . Furthermore, in C. elegans in which MPS1 is intrinsically absent, PLK1 substitutes functionally for MPS1 (Espeut et al. 2015) . Thus, the phosphorylation of KNL1 by PLK1 is a conserved fundamental mechanism to enhance BUB1 targeting to KNL1. In fission yeast, Mph1 is the sole kinase to localize Bub1 to mitotic kinetochores (Plo1 is not detected at kinetochores in mitosis). Thanks to the meiosis-specific kinetochore factor Moa1, significant amounts of Plo1 are enriched at kinetochores only in meiosis I. We show that one of the key substrates of Moa1-Plo1 is the kinetochore protein Spc7, the phosphorylation of which enhances the recruitment of Bub1 to kinetochores and Sgo1 to centromeres. Because Moa1 associates with CENP-C and remains at the kinetochores until early anaphase I, centromeric Plo1 activity persists beyond metaphase I, whereas Mph1 might transiently localize at unattached kinetochores in prometaphase I. Indeed, the defect in Bub1 localization is obvious in moa1Δ cells, but not in mph1Δ cells. Therefore, Moa1-Plo1 might play a predominant role in sustaining Bub1 enrichment until late metaphase I when the requirement for Sgo1 might still persist (Fig. S2 in Supporting Information and Fig. 6D ). Our analyses in mouse spermatocytes showed the conservation of the meiotic regulation of BUB1 localization, which is mediated by MEIKIN-PLK1 and MPS1. It is reasonable to consider that Bub1 localization at kinetochores is important for cohesion protection because Sgo1 associates with nucleosomes only when H2A is phosphorylated by Bub1. However, as suggested previously (Kawashima et al. 2010) , our current analysis validates the assumption that nonkinetochore Bub1, which is dispersed in the nucleus by the spc7-12A mutation, still retains the activity to phosphorylate H2A along the whole chromosome including centromeres. The decreased phosphorylation may allow residual Sgo1 localization at centromeres owing to the function of heterochromatin protein Swi6, which binds and stabilizes Sgo1 at the centromeres. Thus, we assume that Bub1 enrichment and heterochromatin assembly at centromeres contributes redundantly to the localization of Sgo1 and cohesion protection in meiosis I (Fig. 5E ). Our genetic analyses also suggest that another unknown mechanism mediated by Moa1-Plo1, which enhances Sgo1 function rather than its localization, promotes cohesion protection (Fig. 5E) . Revealing the molecular details of this pathway will further advance our understanding of the meiosis Ispecific cohesion protection machinery.
Our results indicate that not only shugoshin, but also meikin, contribute to the meiosis I-specific cohesion protection mechanism. Previous studies suggest that the ectopic or physiological localization of shugoshin at centromeres in meiosis II cannot protect cohesin from separase cleavage at the onset of anaphase II Rabitsch et al. 2004) . Our study may thus provide an answer to this question, because meikin is absent from kinetochores in meiosis II. Our analyses further suggest that the meiosis-specific Bub1-shugoshin enrichment mechanism is conserved in mouse. Notably, however, in mammals but not in yeast, KI motifs in KNL1 contribute to BUB1 recruitment (Kiyomitsu et al. 2007; Krenn et al. 2012) . Moreover, the contribution of heterochromatin to shugoshin stabilization is proven in fission yeast meiosis, but not yet in mammalian meiosis. Thus, further study might be required to understand the precise mechanisms regulating BUB1 and shugoshin localization in mammals.
Experimental procedures
Schizosaccharomyces pombe strains and media
Unless otherwise stated, all media and growth conditions were as described previously (Moreno et al. 1991) . Complete medium (YE), minimal medium (SD and MM) and sporulationinducing media (SPA and SSA) were used. All strains used in this study are described in Table S1 in Supporting Information. Deletion of sgo1 + , moa1 + , mph1 + , and spc7 + , tagging of bub1 + , sgo1 + , plo1 + and mph1 + by GFP and tagging of rec8 + by mCherry were carried out according to the PCR-based gene targeting method for S. pombe using the kanMX6 (kanR), hphMX6 (hygR), natMX6 (natR) and bsdR genes as selection markers (Bahler et al. 1998; Rabitsch et al. 2001; Sato et al. 2005) . The generation of bub1-KD, spc7-12A, -12E and plo1-tev strains was described previously (Kawashima et al. 2010; Yamagishi et al. 2012; Kim et al. 2015) . The construction of the Cnp3C-CFP-TEV plasmid was described previously (Yokobayashi & Watanabe 2005) , whereas the promoter was exchanged from P adh81 to meiosis-specific P rec8 . To express mCherry-tubulin, Padh13-mCherry-atb2 + was integrated at the locus adjacent to the zfs1 + gene of chromosome 2 (referred as z locus) using natR marker. To generate 3*flag-HA (hemagglutinin)-spc7 + , a DNA fragment encoding 3*Flag-HA tag was inserted adjacent to the start codon of the spc7 + gene, to make plasmid pNATC-P spc7 -3*flag-HA-spc7-T spc7 , that can be integrated at the locus adjacent to the SPAC26F1.12c gene of chromosome 1 (referred as c locus) using the natR marker.
Synchronous cultures of fission yeast meiotic cells
For microscopic observation of imr1-GFP, Bub1-GFP, Sgo1-GFP, Plo1-GFP, Mph1-GFP and Rec8-mCherry, logarithmically growing cells were collected and suspended in 20 mg/mL leucine, spotted on sporulation-inducing medium (SPA) and incubated at 26.5°C for~12-15 h (imr1-GFP was observed in the mes1 mutant, which arrests after meiosis I) or 8 h (Rec8-mCherry observation in the mes1 mutant) or~6-8 h (Bub1-GFP, Sgo1-GFP, Plo1-GFP or Mph1-GFP observation during meiosis I). For the immunoprecipitation analysis of 3Flag-HASpc7, we used haploid cells containing pat1-114, with simultaneous shutting off of cut23 + and slp1 + by P rad21 (P rad21 -cut23 + and P rad21 -slp1 + alleles) to induce synchronous meiosis and metaphase I arrest. Cells were grown in MM liquid medium including NH 4 Cl (MM + N) to a density of 1 9 10 7 cells/mL at 25°C, then resuspended in MM medium lacking NH 4 Cl (MM À N) at a density of 1 9 10 7 cells/mL at 25°C for 16 h. To induce meiosis, cells were incubated at 34°C, and cells were collected 5 h after the induction of meiosis, the period of metaphase I.
In vitro kinase and pull-down assay of fission yeast proteins
The recombinant GST-Mph1ΔN (ΔN: amino acid 251-678) and GST-HA-Plo1 protein were produced in Escherichia coli using the pGEX4T-2 and pGEX4T-1 vector (GE Healthcare, Eindhoven, The Netherlands). Escherichia coli were lysed in lysis buffer (40 mM Tris-HCl (pH 7.5), 0.5 mM EDTA, 150 mM NaCl and 0.5% Triton X-100), and GST-Mph1ΔN and GST-HA-Plo1 were purified on glutathione-Sepharose (GE Healthcare). For the expression of GST-Spc7 fragments, the open reading frame of spc7 + (N: amino acid 1-570, M: 571-967, C: 968-1364) was amplified by PCR and cloned into the pGEX4T-2 vector. Kinases and substrates were incubated with kinase buffer (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 10 mM MgCl 2 , 0.5% Triton X-100 and 5 mM dithiothreitol) at 30°C for 30 min in the presence of [c-32 P]ATP. The incorporation of the radioactive phosphate group was visualized by means of autoradiography, and protein loading was analyzed by staining with Coomassie Brilliant Blue (CBB). For pulldown assay, GST and GST-Spc7N (1-570 a.a.) proteins were purified from E. coli and mixed with glutathione-Sepharose beads (GE Healthcare). Bead-bound GST-Spc7 was pre-incubated with GST-Plo1 or GST-Mph1ΔN in kinase buffer (50 In vitro spermatocyte culture Seminiferous tubules from wild-type male mice were minced in PBS, and the cell suspension was filtered through a cell strainer (BD Falcon) to remove debris, pipetted repeatedly, and centrifuged. The cell pellets were suspended in M16 medium (Sigma) supplemented with 10% fetal bovine serum (FBS). Asynchronous spermatocyte cells were incubated with the MG132 (20 lM) and solvent only (DMSO), Plk1 inhibitor BI-2536 (100 nM), Mps1 inhibitor Reversine (5 lM) or both inhibitors together for 20 min (15 min culture at 34°C with 5% CO 2 and 5-min centrifugation).
Immunofluorescence microscopy of spermatocytes
Squashed spermatocytes were prepared from male mice as described previously (Kim et al. 2015) . For immunostaining, the frozen slides were immersed in PBS and the coverslips were removed. Spermatocytes samples were briefly washed in PBS, blocked with 3% BSA/PBS for 10 min at room temperature, and incubated with primary antibodies in 3% BSA/PBS for 2 h and secondary antibodies for 2 h at room temperature. The slides were washed with PBS, and mounted using VEC-TASHIELD (Vector Laboratories, Burlingame, CA, USA). Cell stage of spermatocytes during meiosis I was distinguished by observing sister kinetochores, chromosome condensation and alignment. Diakinesis is recognized by incomplete chromosome condensation and alignment, whereas metaphase I is determined by complete alignment of 20 bivalents. Images were acquired on a DeltaVision Core system (GE Healthcare) with Z-sections. The projection of the images and the quantification of signal intensity were carried out with the SOFT-WORX software program (GE Healthcare).
Supporting Information
Additional Supporting Information may be found online in the supporting information tab for this article: Figure S1 Rec8-mCherry signals at prometaphase II. 
